The plastid genome of higher plants contains more than one hundred genes for photosynthesis, gene expression, and other processes. Plastid transcription is done by two types of RNA polymerase, PEP and NEP. PEP is a eubacteria-type RNA polymerase that is essential for chloroplast development. In Arabidopsis thaliana, six sigma factors (SIG1-6) are encoded by the nuclear genome, and postulated to determine the transcription specificity of PEP. In this study, we constructed a DNA microarray for all of the plastid proteincoding genes, and analyzed the effects of the sig2 lesion on the global plastid gene expression. Of the 79 plastid protein genes, it was found that only the psaJ transcript was decreased in the mutant, whereas transcripts of 47 genes were rather increased. Since many of the upregulated genes are under the control of NEP, it was suggested that the NEP activity was increased in the sig2-1 mutant.
The plastid genome of higher plants contains more than one hundred genes for photosynthesis, gene expression, and other processes. Plastid transcription is done by two types of RNA polymerase, PEP and NEP. PEP is a eubacteria-type RNA polymerase that is essential for chloroplast development. In Arabidopsis thaliana, six sigma factors (SIG1-6) are encoded by the nuclear genome, and postulated to determine the transcription specificity of PEP. In this study, we constructed a DNA microarray for all of the plastid proteincoding genes, and analyzed the effects of the sig2 lesion on the global plastid gene expression. Of the 79 plastid protein genes, it was found that only the psaJ transcript was decreased in the mutant, whereas transcripts of 47 genes were rather increased. Since many of the upregulated genes are under the control of NEP, it was suggested that the NEP activity was increased in the sig2-1 mutant.
Key words: Arabidopsis thaliana; chloroplast; sigma factor; psaJ; microarray Plastids have their own circular DNA containing more than one hundred genes for, rRNA, tRNA, and proteins for photosynthesis, transcription, translation, and so on, although a large portion of genes encoding plastidic protein is located on the nucleus. [1] [2] [3] Expression of these plastid-encoded genes is essential for plastid functions, such as photosynthesis in chloroplasts.
Transcription in higher plant chloroplasts is directed by at least two types of RNA polymerase, NEP and PEP. [4] [5] [6] NEP is T7/T3 bacteriophage-type RNA polymerase, [7] [8] [9] [10] and was named for nuclear-encoded RNA polymerase. NEP is considered to transcribe housekeeping genes such as transcriptional (rpo) and translational (rpl and rps) apparatus genes, clpP (encoding the proteolytic subunit of the Clp protease), and accD (encoding subunit of the carboxyl transferase). 5, [11] [12] [13] [14] [15] [16] [17] PEP is a eubacteria-type RNA polymerase, and was named for plastid-encoded RNA polymerase (PEP). PEP is composed of plastid-encoded core subunits, , , 0 , and 00 (encoded by rpoA, rpoB, rpoC1, and rpoC2, respectively), and one of nuclear-encoded sigma () factors. 18, 19) Since transcripts of examined photosynthetic genes were drastically reduced in an rpoB deletion mutant, PEP is considered to be responsible for the transcription of photosynthesis genes in plastids. 12, 20) However, there appears to be no clear-cut distinction between NEP and PEP as for the target genes, because NEP as well as PEP was shown to transcribe atpB, atpI (encoding subunits of H þ -ATP synthase), and clpP genes in tobacco. 5, 12, 21) In general, promoter recognition specificity of a eubacteria-type RNA polymerase is determined by sigma subunits. Thus, the specificity of PEP should be basically dominated by the nuclear-encoded sigma factors. Thus far, six sigma factor genes have been identified in the nuclear genome of A. thaliana (SIG1 to SIG6), and characterized. [22] [23] [24] [25] [26] [27] [28] [29] [30] However, the physiological significance of each sigma was just beginning to be elucidated.
Recently, we isolated a SIG2 mutant, sig2-1, in which a T-DNA was inserted into the exon 6 of the SIG2 gene corresponding to the conserved region 3. 26) This mutant shows a pale-green phenotype and has small chloroplasts with poorly developed thylakoid membranes and stacked lamelles. Because the carboxy terminal promoter recognition domain, the conserved region 4.2, 31) was truncated by the insertion, and because the sig2-1 mutation was complemented by the wild-type SIG2 gene, we concluded that the SIG2 function was lost or declined in the sig2-1 mutant. 25) In this mutant, amounts of several chloroplast-encoded tRNA species were greatly reduced, and therefore the chloroplast translation process appears to be severely inhibited. Furthermore, one of the reduced tRNA species, glutamyl-tRNA, is required for the biosynthesis of tetrapyrroles including chlorophyll and heme. Thus, SIG2 was suggested to play roles in the transcription of chloroplast tRNA genes, and to be necessary for the chloroplast development, especially for the greening of chloroplasts. 25) Other than the effects on the tRNA gene transcription, we also found that transcripts of genes including rpoC1, rps15 (encoding a 30S ribosomal protein subunit), accD, and clpP were increased in the sig2-1 mutant. 25) Because these genes are considered to be under the control of NEP, the sig2 mutation may affect the activity of another RNA polymerase, NEP. In this study, we constructed a DNA microarray containing all A. thaliana plastid-encoded protein genes, and analyzed the effects of the sig2 mutation for the plastid transcription. Such a global analysis was expected to make clear further the physiological significance of the SIG2 function.
Materials and Methods
Plant materials and growth conditions. A. thaliana ecotypes, Columbia (Col) and Wassilewskija (WS), were used as wild-type plants. The sig2-1 mutant was derived from WS as described. 25) Imbibed seeds of A. thaliana were sown on 0.4% Gelrite (Wako Co., Ltd.) plates of Murashige and Skoog (MS) medium (Wako Co., Ltd.) without sucrose, or on tree layers of filter paper (#540 for top and #2 for middle and bottom, È70 mm, Whatman) soaked in the MS medium. The seeds were grown at 23 C under continuous white light.
Nucleic acids preparation from plant materials. Basically, plant materials were frozen in liquid nitrogen and ground with Multibeads shocker (Yasui Kikai Co., Ltd.). DNA was purified using DNeasy Plant Mini Kit (Qiagen). Total RNA was purified using TRIzol Reagent (Invitrogen) as described by the supplier for Northern and S1 analyses. For microarray analyses, RNA was first prepared using an RNeasy Plant Mini Kit (Qiagen). To remove contaminating DNA, DNase I (0.1 unit/l; NIPPON GENE) was added to the RNA solutions, and incubated for 15 minutes at 37 C. RNA was extracted with phenol/chloroform/isoamyl alcohol (25:24:1) and precipitated with ethanol. Q-RNA was synthesized by a Riboprobe System -SP6 (Promega Co., Ltd.) and Q-DNA fragment containing a SP6 promoter and a poly-T tract, which allows us to use this PCR product as a template for the transcription reaction and the reverse transcription reaction, respectively. Q-DNA fragment was prepared by PCR using lambda DNA and following primer sets, QS-plus (5 0 -)TCATTTAGGTGACACTAT-AGGGCGCATGAGACTCGAAAGCGTAGC(-3 0 ) with the SP6 transcription promoter at the 5 0 end and QE-plus (5 0 -)TTTTTTTTTTTTTTTTTTCATGCTGCTAACGT-GTGACCGCATTC(-3 0 ) with the poly-T tract at the 5 0 end.
DNA microarray preparation. The A. thaliana plastid DNA microarray was constructed from 81 PCR products that corresponded to 79 plastid-encoded protein genes, and the lambda phage Q gene as a control. PCRs were done using gene-specific primers ( Table 2 , along with their positions within the Arabidopsis plastid DNA), and the total DNA of the wild-type plant (Col) was used as templates. PCRs were basically done in 35 cycles each for 94 C for 1 minute (for denaturing), 55 C for 1 minute (for annealing) and 72 C for 1 minute (for elongation). The annealing temperature was specifically changed for some genes (Table 2), i.e., the elongation time of rpoA, rpoB, rpoC1, and rpoC2 was changed to 2 minutes. For three intron-containing genes (petB, clpP, and rpl2), RT-PCR (RT-PCR kit, Toyobo) was used for the amplification using total RNA from the wild-type plant (Col) as templates. PCR products were electrophoresed on a 1.2% agarose gel, and precise length fragments were eluted with an Ultra Clean 15 DNA purification kit (MO BIO Laboratories. Inc.). Purified fragments were precipitated with ethanol and resuspended in 3 Â SSC (1 Â SSC is 0.15 M NaCl and 0.015 M sodium citrate). DNAs were arrayed from 384-well microtiter plates onto amino-silane-coated micro slide glass (CMT-GAPSÔ Coated Slides, Corning) using the SPBIO 2000 gene tip microarray-stamping machine (Hitachi Software Engineering Co., Ltd, Tokyo, Japan). The spotted DNAs were fixed on the slide glass by a UV cross-link. The slides were then washed twice by 0.2% SDS for 2 min, and soaked briefly in water and ethanol in this order. The slide glasses were immediately centrifuged at 2500 g, and air-dried at room temperature for 2 min.
Microarray analysis. For the fluorescent probe preparation, 20 g of each RNA sample was mixed with 35 ng of Q-RNA as an external control. This RNA solution was added with the primer mixture containing 0.5 pmol each of gene-specific primers (antisense (R) primers for each gene; see Table 2 ), and the fluorescentlabeling and the purification was done using Atlas Glass Fluorescent Labeling Kit (CLONTECH) and Cy3 or Cy5 Mono-Reactive Dye (Amersham Pharmacia) as described by the supplier. Finally, the purified labeled probe was precipitated with ethanol and dissolved in 5 l of water. For the array hybridization, 5 l each of Cy3 and Cy5 labeled probes was mixed with 35 l of ULTRA hyb hybridization buffer (Ambion). This mixture was incubated at 95 C for 5 min, cooled at 65 C, and applied on the microarray. The microarray was covered with Spaced Cover Glass L (TaKaRa), and incubated at 50 C for 16 hr. After the incubation, the cover glass was slipped from the microarray in 2 Â SSC. The slide glass was washed twice with 0.1 Â SSC containing 0.1% SDS for 5 min, and twice in 0.1 Â SSC for 5 min. Finally, the slide glass was dipped in water and in 99.5% ethanol, and dried by centrifuging at 2500 g for 2 min at the room temperature. Microarrays were scanned with two wavelengths for Cy3 (560 nm) and Cy5 (675 nm) by a laser fluorescent scanner (GeneTAC LS IV, GENOMIC SOLUTIONS). The lambda phage Q-gene spots were used to normalize the two channels with respect to the signal intensity. Gene TAC Analyzer software version 3.0.1 (GENOMIC SOLUTIONS) was used for the data analysis.
Northern analysis. DIG-labeled antisense DNAs (ssDNA probes) for Northern analyses were prepared using DIG DNA labeling mixture (Roche) and antisense (R) primers (Table 2) as described by the supplier. Template DNAs for these reactions were basically the same as the microarray preparation. SIG1, SIG2 and SIG3 probes were prepared using primers, SIG1R (5
, and corresponding cDNA clones, 22) respectively. SIG4, SIG5, and SIG6 probes were as described. 27 ) RNA blotting, hybridization, and detection were done as described previously, 32) except that CDP-Star (Roche) was used in place of CSPD (Roche) for the detection. S1 nuclease protection assay. A 5 0 -radiolabeled DNA probe prepared by specific primer sets, psaJDN (5 0 -) TAGGTCTAATTCCTATTACTTT(-3 0 ) and pasJUP (5 0 -)GAAATAAACGATTAATCTCTAT(-3 0 ), was hybridized with total RNA (30 g) at 37
C for 16 hours in 10 l of hybridization buffer containing 40 mM PIPES (pH 6.4), 1 mM EDTA (pH 8.0), 0.4 M NaCl, and 80% (v/v) formamide. The solution was diluted with 100 l of ice-cold S1 nuclease mixture containing 0.28 M NaCl, 0.05 M sodium acetate (pH 4.5), 4.5 mM ZnSO 4 , and 500 units/ml of S1 nuclease (TaKaRa), and subsequently incubated at 20 C for 1 hour. The protected DNA fragments were analyzed on 7 M urea denaturing gel containing 5% (w/v) acrylamide (mono:bis = 19:1) followed by analysis with a BAS1000 image analyzer (Fujix). The 5 0 end of the extension products was identified by comparison with DNA ladders generated by the psaJDN primer with the use of a LI-COR sequencing kit (EPICENTRE).
Results

Construction of the DNA microarray
In order to analyze the accumulation of plastid transcripts globally, we constructed a DNA microarray for all of the protein-coding genes on the A. thaliana plastid genome (79 ORFs).
3) tRNA genes were excluded from the microarray because the strong secondary structure and the small size was expected to make the quantitative hybridization analysis difficult. rRNA genes were also omitted because the huge amounts of rRNA would saturate the hybridization signal and would give no quantitative information. DNA primer sets for each ORF were synthesized (see Table 2 ), and target DNAs were amplified by PCR or RT-PCR. Basically, lengths of the target DNAs were designed to be over 400 bp. When the length of the ORF is less than 400 bp, full lengths of the ORF was used for the amplification. The shortest lengths were about 90 bp of psaI, psbT, petG, and ycf6. In case of rps12, this gene is trisected in plastid DNA, and the 5 0 -terminal exon1 was about 15 kb apart from the 3 0 -terminal exons 2 and 3.
3) Therefore, the 5 0 -and the 3 0 -part of this gene were amplified independently (5 0 -rps12 and 3 0 -rps12). In addition, the Q gene of the lambda phage was included in the array as an external control for the hybridization experiments. Each slide glass consisted of 4 patches having identical spots, and 1 patch constructed with 10 spots-by-10 spots containing 1 spot of each target gene and 4 spots of the Q gene as landmarks or external controls; thus each slide glass had 4 spots of each target gene and 16 spots of the Q gene.
To ensure the reliability of the constructed microarray system, the array was co-hybridized with Cy3 and Cy5-labeled cDNAs derived from the same RNA preparation from the 7-days-old wild-type seedlings (Col). Figure  1A shows a scatter plot of the resultant signal values. If we could eliminate effects of probe synthesis, cohybridization, and signal scanning absolutely, foldchanges between Cy3 and Cy5 signal intensity should stand at 1.00. As the results, almost every hybridization signal was plotted on or near the diagonal line (the diagonal line indicate the signal value ratio was 1.00), and almost every fold-change of spots was within þ=À2-fold (Dots in Fig. 1A , squares were outlier). Three independent RNA preparations were used for this kind of control experiments, and these results were found to be highly reproducible. When a border was drawn as within þ=À1:5-fold, there were approximately 12 outliers on average. However, outlier spots consisted of different genes for each experiment, and therefore, we concluded these analyses are considered reliable and picked up on value of þ=À1:5-fold as the unchanged border.
Global analysis of plastid gene expression in the sig2-1 mutant
To examine the effects of the sig2 mutation on the global plastid gene expression, the transcript abundance in the 7-days-old sig2-1 mutant was compared to that in the 7-days-old wild-type strain (WS) using the microarray. The scatter plot shown in Fig. 1B indicated that signal intensities of many spots increased in the sig2-1 mutant more than 1.5-fold (diamonds), whereas signal intensities of a few spots was reduced more than À1:5-fold (triangles). We repeated this experiment 5 times using independent RNA preparations, and each experiment was further repeated with probes reversely labeled by the Cy3 and Cy5 dyes (10 experiments in total, data not shown). Thus the results were confirmed to be highly reproducible. Genes whose signal intensities were altered more than 1.5-fold were listed in Table 1 . In the sig2-1 mutant, we observed that 47 genes were upregulated and only one gene, psaJ, was down-regulated among 79 plastid-encoded protein genes. The upregulated genes include most of rpo (encoding RNA polymerase subunits; 4 of 4 rpo genes), rpl (encoding 60S ribosome proteins; 7 of 9 rpl genes), rps (encoding 30S ribosomal proteins; 10 of 12 rps genes) and ndh (encoding NAD(P)H dehydrogenase subunits; 10 of 11 ndh genes) genes. Other than those, accD, clpP, ycf2, ycf3, ycf4, ycf10 (cemA), ycf15, and 8 of the 33 photosynthesis-related genes were also found to be upregulated.
In order to confirm the microarray results, Northern blot analyses were done using whole RNA preparations from the wild-type plant (WS) and the sig2-1 mutant grown for 4 or 7 days (Fig. 2 and Fig. 3 ). These two time points were chosen to evaluate the differences of the developmental stages. These analyses confirmed the decrease of the psaJ (Fig. 3) transcripts and the increase of psaC, petA, atpF, rpoA, rpoB, rpl2, ndhA, ndhB and ycf3 transcripts (Fig. 2 and Fig. 3) , which is consistent with the microarray results. Furthermore, the increase of psbI, psbM, psbN, atpA, atpI, rpoC2, rps7, rps12, rps14, ndhG, ndhH, ndhJ, ycf2, ycf4, ycf10 (cemA) and ycf15 transcripts were also confirmed by Northern analyses (data not shown). The increases of rpoC1, rps15, accD, and clpP transcripts in the sig2-1 mutant were consistent with the previous results by Kanamaru et al. (2001) . 25) With respect to the plastid PSI gene expression, psaA-B and psaI was hardly affected by the sig2-1 mutation at all, while psaJ was reduced, and psaC was increased (Fig. 3) . These results strongly support the reliability of the microarray data. The down-regulated gene in the sig2-1 mutant.
Gene name Fold change
Photosynthesis psaJ 0:60 AE 0:1
Fig. 1. Scatter Plots for Cy3 and Cy5 Signal Intensities of Each Spot
Resulted from the Plastid DNA Microarray Analysis.
(A) Scatter plot of signal values from the microarray results derived from the same RNA. Total RNA from a 7-day-old wild type plant (Col) was labeled with Cy3 or Cy5, and used for the array analysis to evaluate the array quality. Squares represent outliers beyond the þ=À2:0-fold changes. (B) Scatter plot signal values from the microarray competitively hybridized with probes originating from wild type (WS) and the sig2-1 mutant. Total RNAs from 7-day-old plants of the parent wild type (WS) and the sig2-1 mutant were labeled with Cy3 and Cy5, respectively. Diamonds and triangles represent outliers beyond the þ=À1:5 fold changes, respectively. 
SIG2-dependent expression of psaJ monocistronic transcript
Since the psaJ transcript was found to be decreased by the sig2-1 mutation, we analyzed this transcript further. As shown in Fig. 3 , two psaJ transcripts, 1.5 kb and 0.3 kb, were detected by the psaJ probe. Since the psaJ ORF size is 135 nucleotides, and about 800 nucleotide distances from the upstream gene petG and about 400 nucleotide distances from the downstream gene rpl33, respectively, it seemed likely that the 1.5-kb transcript was polycistronic and the 0.3-kb transcript was the monocistronic mRNA. Northern hybridization results revealed that the 0.3-kb transcript was remarkably reduced in the sig2-1 mutant in both 4-day and 7-day grown plants, while the 1.5-kb transcript abundance remained constant (Fig. 3) . These results suggested that the 0.3-kb transcript was driven by a SIG2-dependent promoter.
To identify the SIG2-dependent psaJ promoter, we did an S1 mapping experiment. Figure 4A shows a transcription start site of psaJ and the decrease of the transcript level from the psaJ promoter in the sig2-1 mutant. The initiation site of the psaJ transcription was 37 nucleotides upstream from the translation initiator methionine codon (ATG) of the psaJ ORF. Thus, transcript from this site was suggested to be the monocistronic psaJ mRNA. Herewith, the decrease of the psaJ transcript was detected by the DNA microarray, and confirmed by the Northern blot analysis as well as the S1 mapping analysis.
Many plastid-encoded genes have eubacterial
70 -type promoter (PEP promoter), which is composed of TTGACA (À35) and TATAAT (À10) consensus sequences spaced with a 17 to 19-bp sequence. [33] [34] [35] In comparison with these sequences, À10 and À35 promoter elements in the upstream region of the psaJ transcription start site were identified (Fig. 4B) . However, sequence elements responsible for the SIG2-dependence of this promoter remain obscure.
The sig2-1 mutation results in the activation of nuclear-encoded sigma factor genes
In the sig2-1 mutant, a lot of plastid gene transcripts increased while several gene transcripts decreased (Kanamaru et al. (2001) , 25) Table 1 , Fig. 2 and Fig. 3 ). Since such changes may result from the fluctuation of the expression of the nuclear-encoded plastid transcription apparatus, we examined the expression of the sigma factor genes for PEP (Fig. 5) . Northern hybridization analyses of the sigma factor genes revealed that the expression of SIG1, SIG3, SIG5, and SIG6 were increased by the sig2-1 mutation. Interestingly, the accumulation of the SIG2 transcripts itself was also increased by the sig2-1 mutation, although the gene product was suggested to be non-functional because of the T-DNA insertion in the protein-coding region.
26)
Discussion
In this study, we examined the plastid gene expression in the sig2-1 mutant by the newly constructed plastid DNA microarray. This microarray permitted us to investigate most plastid gene expressions simultaneously. By means of microarray analyses, we showed that the abundance of 48 of 79 protein-coding plastid genes was affected by the sig2-1 mutation, and most of these changes were confirmed one by one by Northern blot analyses. These results clearly indicated the reliability of the microarray constructed in this study. To our surprise, decreased expression of plastidencoded protein genes was only observed for the psaJ gene in the sig2-1 mutant, and the result was confirmed by Northern blot analysis as well as S1 nuclease protection assay (Fig. 3 and Fig. 4) . Thus, it seems likely that specific targets for SIG2 are the psaJ gene and a series of tRNA genes. 25) Northern blot analysis indicated that the psaJ gene was transcribed as polycistronic (1.5 kb) and monocistronic (0.3 kb) forms, and only the monocistronic transcript was decreased by the sig2-1 mutation. The S1 mapping result has revealed the psaJ promoter, which is located around the 50 bp upstream of the ATG translation start codon of psaJ, has consensus-type sequences of eubacterial 70 promoters. These data suggested that a part, but not all, of the psaJ transcription is dependent on SIG2.
The psaJ gene encodes for the J subunit of PSI complex, but the function of this protein remained poorly understood. PsaJ is a small hydrophobic protein of about 4 kDa that can be cross-linked to PsaF. 36) A PsaJ deficient mutant of the green alga Chlamydomonas reinhardtii could grow photoautotrophically, and retained the normal level of PSI. However, the electrontransfer rate of PSI was found to be reduced. 37) If the PsaJ protein level is reduced in the sig2-1 mutant, electron-transfer rate of PSI might be reduced compared to the wild-type. However, it is unlikely that the partial reduction of the PsaJ protein could result in the pale green phenotype of the sig2-1 mutant. Thus, we postulate that the sig2-1 phenotype was caused primarily by the reduction of several tRNA species, 25) and was not attributable to the reduction of the psaJ expression.
Increased accumulation of a number of plastid transcripts was observed in the sig2-1 mutant. Many of these genes are currently considered to be under the control of NEP. 5, 12, 13, [15] [16] [17] 38) Therefore, it is highly probable that Accumulation of the plastid petA, atpF, rpoA, rpoB, rpl2, ndhA, ndhB, and ycf3 transcripts was compared between the wild type plants (WS) and the sig2-1 mutant by Northern blot analysis. Total RNAs were prepared from 4-day or 7-day grown plants, and the amount of RNA for each lane was as follows: 5 g for petA, atpF and rpl2, 10 g for rpoA and ycf3, and 20 g for accD, ndhA, ndhB and rpoB. Patterns of blotted rRNA were also shown in the lower panel. Positions of RNA markers were indicated on the right of panels. NEP is activated by the SIG2 deficiency. Because transcripts of roughly the same set of genes were accumulated in plastids lacking PEP, 12, 20, 38, 39) it is suggested that PEP in concert with SIG2 is involved in the repression of the NEP activity. The mechanism underlying the control of the NEP activity would be an interesting subject for future study.
Four of the functional five sigma factor genes, SIG1, 3, 5, and 6, were also up-regulated at the transcriptional level in the sig2-1 mutant (Fig. 5) . If the activities of these sigma factors were actually increased, it would result in the activation of PEP-dependent genes. However, transcription of representative PEP-dependent genes remained constant in the mutant, 25) and at present, we do not know whether any transcripts were increased in the sig2-1 mutant dependent on PEP.
Transcripts of five of the six sigma factor genes, including that of the defective SIG2 gene, were increased in the sig2-1 mutation. This strongly suggested that some feedback mechanisms monitoring the chloroplast development status are transferring signals from chloroplasts to the nucleus. One of the candidates for such a signaling mechanism is the well-described 'plastid factor' that are considered to be an intermediate of the tetrapyrrole biosynthetic pathway. [40] [41] [42] It is possible that such an intracellular communication in a cell is disturbed in the sig2-1 mutant, because SIG2 activates a transcription of the glutamyl-tRNA that is an essential co-factor for the tetrapyrrole biosynthesis.
The entire genomic sequence of A. thaliana had been sequenced by the end of 2000, 2) microarray technology has begun to be used in investigation of global gene expression when plants were affected by mutation, overexpression of a gene, or various environmental changes. [43] [44] [45] [46] [47] [48] Recently, global analyses for plastid gene expression were also reported in tobacco and the green algae Chlamydomonas. 38, 49, 50) Investigation using our plastid microarray is simple, straightforward, and furthermore reliable. This is a powerful tool for study of plastid gene expression and will contribute for the analysis of plastid transcription regulation depending on sigma factors, NEP, and other transcription factors. Genes. Expression of the nuclear-encoded sigma factor genes was compared between the wild type plants (WS) and the sig2-1 mutant by Northern blot analysis. Total RNAs were prepared from 4-day or 7-day grown plants, and 20 g of total RNA were put on for each lane. Patterns of blotted rRNA are also shown in the lower panel. Positions of RNA markers are indicated on the right of panels.
